Structures that contain a knot formed by the path of the polypeptide backbone represent some of the most complex topologies observed in proteins. How or why these topological knots arise remains unclear. By developing a method to experimentally trap and detect knots in nonnative polypeptide chains, we find that two knotted methyltransferases, YibK and YbeA, can exist in a trefoil-knot conformation even in their chemically unfolded states. The unique denatured-state topology of these molecules explains their ability to efficiently fold to their native knotted structures in vitro and offers insights into the potential role of knots in proteins. Furthermore, the high prevalence of the denatured-state knots identified here suggests that they are either difficult to untie or that threading of any untied molecules is rapid and spontaneous. The occurrence of such knotted topologies in unfolded polypeptide chains raises the possibility that they could play an important, and as yet unexplored, role in folding and misfolding processes in vivo.
knotted protein | denatured state | protein folding | protein misfolding P rotein-folding pathways generally depend on both the intrinsic properties of the polypeptide chain and the external influence of the cellular environment. For example, whereas the shape of a protein-folding free-energy landscape is essentially determined by the amino-acid sequence, interactions with molecular chaperones are also often required to avoid energy minima that correspond to misfolded and aggregated species (1) (2) (3) . The folding pathways of many small, usually monomeric, proteins have been extensively studied in an effort to understand the general rules that govern protein folding and to facilitate protein structure prediction, because both have significant implications in medicine and drug design (4, 5) . However, a growing number of proteins have been identified over the last decade that challenge some long-established beliefs in the field-they possess a knot deep in their structure formed by the path of the polypeptide backbone (6) (7) (8) (9) . These molecules, which appear to be self-tying, apparently defy popular concepts that suggest that cooperativity, an increasing degree of "nativeness," and smooth energy landscapes are required for rapid and efficient protein folding (10) . Such theories imply that proteins should be knot-free. Trefoil, figure-of-eight, and penta knots with three, four, and five projected crossings of the polypeptide backbone, respectively, have been observed in proteins from all three domains of life (11) (12) (13) . The functional advantages of knotted structures over their unknotted counterparts are unknown, although various computational studies have suggested that topological knots may increase protein stability or resistance to cellular translocation and degradation pathways (11, (14) (15) (16) . Whereas various routes for protein knotting have been proposed, examples of which include the existence of an intermediate "slipknot" configuration or specific, attractive nonnative contacts that promote a threading event (17) (18) (19) , these models have yet to be experimentally verified. For a complete understanding of the de novo folding behavior of polypeptide chains in vivo, further investigations into the mechanisms involved in protein-knot formation are necessary.
The knotted proteins YibK from Haemophilus influenzae and YbeA from Escherichia coli are single-domain, homodimeric methyltransferases (MTases), whose structures, enzymatic functions, and folding pathways have been probed using a combination of biophysical, biochemical, and computational techniques (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . Both proteins adopt an α/β-fold and contain a righthanded trefoil knot, where at least 40 amino acid residues have passed through a similarly sized loop ( Fig. 1 A-C) . They can be reversibly unfolded in vitro using chemical denaturants to a state that has no detectable structure and undergo folding reactions that involve the population of one or more monomeric intermediate states (26, 27) . Experimental investigations into the folding mechanisms of engineered variants of YibK and YbeA suggest that either the polypeptide chain knots early on in the folding reaction, before the formation of secondary and tertiary structure, or that knotting may even occur in the denatured ensemble (24, 25) . In addition, the identification of natural knotted MTase proteins that have large appending amino or carboxy domains, and natural tandem fusions of knotted domains within the same polypeptide chain, provides a further indication that the knotting of these proteins could involve very large loops (13). Is it possible, then, that a protein can be knotted even in its denatured state? This question has yet to be addressed due to the practical difficulties that surround the experimental determination of whether a polypeptide chain is indeed knotted at any point in time. Furthermore, the presence of a knot in a denatured polypeptide chain is somewhat unexpected due to the unfavorable entropic cost of knotting. Because of this, it is a concept that is rarely considered.
Here, we demonstrate that it is possible to experimentally trap and detect knots in nonnative protein chains by the construction of mutant knotted proteins that contain terminal cysteine residues. These constructs can be circularized by formation of a disulfide bond under nonreducing conditions. This effectively tethers the termini of the protein and prevents the occurrence of any subsequent threading or unthreading events. In principle, this reaction can be carried out on any species that can be isolated during the folding process. The ability of the circularized protein to fold and form the native knotted structure can be used to verify the presence of a knot under the conditions in which the disulfide bond was first introduced. We have used this approach to investigate if the polypeptide chains of YibK and YbeA are knotted in their chemically denatured states, where there is no detectable structure (Fig. 1D) . We find evidence to suggest that the denatured ensemble of both proteins contains molecules that frequently, if not predominantly, exist in the correct trefoil-knot conformation for productive folding to the native knotted structure. This result can explain the efficient folding reaction of YibK and YbeA observed in vitro (20, 26) and has important This article is a PNAS Direct Submission. 2 To whom correspondence should be addressed. E-mail: sej13@cam.ac.uk. implications for general protein-folding and misfolding processes within the cellular milieu.
Results
YibK and YbeA Can Be Circularized Under Native and Strongly Denaturing Conditions. YibK and YbeA are particularly suited to circularization due to the close proximity of their natural N and C termini ( Fig. 1 A and B) . The introduction of a serineglycine spacer and a terminal cysteine residue at the amino and carboxy terminus of both proteins generated constructs that were capable of disulfide-bond formation. The terminal cysteine mutants of YibK and YbeA were purified in their linear reduced form and are here referred to as YibK SH SH and YbeA SH SH , respectively. Disulfide bonds were allowed to form in YibK SH SH and YbeA SH SH samples under both native and fully denaturing (6 M GdmCl) conditions. The oxidation reaction was monitored by quantifying the free sulfhydryl groups in solution using 5; 5 0 -dithio-bisð2-nitrobenzoic acidÞ (DTNB). This resulted in both monomeric and multimeric species in an approximately equal ratio, suggesting that intra-and intermolecular disulfide bonds form at comparable rates. Monomeric disulfide-bonded species were isolated to yield the circularized proteins YibK SH molecules with their polypeptide backbone in the correct trefoil-knot conformation when circularized can subsequently refold to a knotted, dimeric native state. This feature can be used to detect the existence of a knotted topology in the denatured state of the two proteins (Fig. 1D) . A variety of structural and functional probes were employed to assess the presence of the native fold, including measures of oligomeric state, secondary structure, and ligand binding. In all cases, refolded proteins that were circularized in their chemically denatured states behaved the same as proteins that were circularized in their native states (Fig. 2 ). This suggests that, for both YibK SH SH and YbeA SH SH , a trefoil-knot conformation can exist in the unfolded protein. Analytical size-exclusion chromatography (SEC) confirmed that, under native conditions, the circularized constructs are able to form native-like dimers in solution, thus demonstrating that the dimer interface, located near the knotted core in YibK and YbeA, is present ( Fig. 2A) . A small peak corresponding to a monomer of between 10-15% was observed in the elution profiles of YibK circ den and YbeA circ den . This suggests that the dimer interface is unable to form in a minor fraction of molecules, perhaps because in these cases the polypeptide chain has become untied under the strong denaturing conditions. The far ultraviolet circular dichroism (far-UV CD) spectra of all the circularized proteins are characteristic of the MTase α/β-fold and indicate the formation of a native-like secondary structure (Fig. 2B) .
YibK and YbeA bind the MTase cofactor S-adenosylmethionine in a crevice that is formed by the knotted region of the protein ( Fig. 1 A and B) (22, 28) . The binding affinity for S-adenosyl homocysteine (AdoHcy), the product of S-adenosyl methionine after methyl-group transfer to the substrate has taken place, can be used to confirm the integrity of the cofactor binding site and therefore also the presence of the native, knotted structure (21, 24) . Binding of AdoHcy was measured using isothermal titration calorimetry (ITC) for the circularized proteins; all displayed a similar affinity for AdoHcy as the equivalent linear species (Fig. 2C and Table S1 ). Dissociation constants were in the range of 59-74 μM and 0.6-2.4 μM for YibK and YbeA proteins, respectively. Consequently, all the structural and functional probes indicate that the circularized proteins are able to form the correct knotted, homodimeric, native structure irrespective of whether they were circularized in a native or denatured state. (Fig. 3) . This suggests that the mutations introduced to produce proteins that are able to circularize have had a destabilizing effect. Circularization of a protein can lead to an overall change in stability depending upon the balance between the favorable entropic effect that results from a loss in conformational entropy of the denatured state and any strain caused by the introduction of a disulfide bond in the native structure (29) . Equilibrium denaturation profiles measured for the circularized proteins studied here differ from those of the corresponding linear reduced forms. They display an increase in the midpoint of unfolding (½D 50% ) of between 0.1-0.4 M urea and a decrease in the apparent slope of the transition, or m value (m app ), of between 0.7-1.6 kcal mol −1 M −1 ( Fig. 3 and Table S2 ). This is consistent with circularization having a stabilizing effect and the denatured state being more compact.
Information on the rate and mechanism of folding of the circularized knotted proteins was obtained from analysis of kinetic folding and unfolding data. Wild-type YibK folds from a ureadenatured state with a complex kinetic mechanism that involves four reversible folding phases. These correspond to the formation of two different intermediates on parallel pathways that fold via a third sequential monomeric intermediate to form a native dimer in a slow rate-limiting dimerization reaction (Fig. 4A) (27) . In contrast, wild-type YbeA exhibits two reversible kinetic phases that relate to native dimer formation from a monomeric intermediate state (Fig. 4B) (26) . The folding kinetics of YibK SH SH and YbeA SH SH and their associated circularized forms were measured over a range of urea concentrations, and a global analysis of the kinetic data was performed similar to that used to determine the folding pathways of the wild-type proteins (25, 26) . The mutant proteins were all found to fold with the same number of reversible, [urea]-dependent phases as the parent wildtype proteins (Figs. S1 and S2), and the kinetic data were used to calculate chevron plots ( Fig. 5 and Table S3 (Table S3 ). Both these observations are consistent with the proteins being circularized. Overall, however, the kinetic folding data suggest that the gross features of the folding free-energy landscape of the knotted proteins have not been altered upon circularization; circularized and linear variants appear to fold through essentially the same pathway as the parent wild-type proteins and populate similar intermediate species. Moreover, the refolding rate constants measured for the circularized proteins are comparable to those calculated for the parent wild-type protein ( Fig. 5 and Table S3 ). This indicates that the trapping of the knot has had little impact on the folding speed or the rate-determining step. Consequently, a productive folding trajectory in vitro for wild-type YibK and YbeA most likely begins from a knotted denatured state.
Knotting Characteristics of the Denatured Polypeptide Chains of YibK
and YbeA. Our data suggest that the large majority of denatured YibK SH SH and YbeA SH SH molecules have the correct trefoil-knot conformation such that after circularization they can still fold to the native state (Fig. 2) . This implies that, during disulfidebond formation under denaturing conditions, either the polypeptide chains rarely (or never) become untied or knotted and unknotted states exist in equilibrium and circularization of the knotted species is favored. We investigated the effect of denaturing the wild-type proteins in 6 M GdmCl at several temperatures for various lengths of time. The refolding efficiencies of both YibK and YbeA, as determined by their ability to dimerize and regain the characteristic far-UV CD and fluorescence signals of the native proteins, remain close to 100%, even after molecules have been left to denature for up to four days at 37°C (Fig. S3) . Successful refolding to a dimeric structure was observed after denatured proteins were incubated at temperatures ranging from 50 to 90°C; however, mass spectrometry, SEC, and SDS-PAGE indicated that a significant proportion of the polypeptide chains decompose into smaller fragments under these conditions. This suggests that, at physiological temperatures, the denatured-state knots in YibK and YbeA are relatively hard to untie and remain present even after long periods of time, or that any untied molecules can reknot rapidly and spontaneously before folding. Taken together, these data demonstrate that occurrences of chains in knotted conformations are frequent, if not prevalent, in the denatured ensemble of these proteins. Table S3 .
Discussion
The existence of a knot in the denatured states of YibK and YbeA, while perhaps unexpected, is consistent with our earlier work that examined the folding pathways of these proteins and can explain the relative ease with which they can form their native states during in vitro folding experiments (24, 26, 27) . This includes the surprising result that the fusion of a large, stable structured domain at both the N and C termini of YibK and YbeA has little effect on the folding kinetics (24, 26, 27) . It is also in agreement with previous mutational studies on YibK, which suggest that the threading of the polypeptide chain and the formation of protein structure occur independently, as successive events (25) . Moreover, the mechanisms by which the knotted denatured states of YibK and YbeA fold to their native structures in vitro may be more similar than we originally thought to those already proposed for the folding of unknotted proteins, which involve cocooperativity and smooth folding energy landscapes to channel the protein toward the native state.
The denatured knots identified here may arise from conformational preferences in the unfolded polypeptide chains, or they may represent kinetically trapped states. In either case, the ability of a polypeptide chain to adopt a knot in its denatured state is somewhat surprising due to the unfavorable entropic cost of knotting. Whether the denatured knots are loosely or tightly tied, are stabilized by either native or nonnative contacts, or are in a dynamic equilibrium with unknotted chains are areas for future research. In fact, it was postulated over a decade ago that knots in native proteins might originate from knotted denatured states (30) . Our results are consistent with computational and experimental studies that have demonstrated that long flexible strings and homopolymers, similar to denatured polypeptide chains, have a high chance of becoming entangled of their own accord (6, (31) (32) (33) (34) .
The results presented here can be related to events in the cellular environment. Our data allow us to propose that denatured knotted polypeptide chains are precursors to the folding pathways of YibK and YbeA in vitro. It is possible that species similar to the denatured knots detected in this study are also populated in vivo during the posttranslational folding of YibK and YbeA, after they are synthesized on the ribosome and knotting for the first time. Evidence that large loops are required during the de novo folding of these proteins comes from the successful biosynthesis of recombinant knotted fusion proteins of both YibK and YbeA with a sizable (91-residue) domain attached at both termini (24) . A large number of natural knotted fusion proteins with substantial domains at either the amino or carboxy terminus have also been identified, including several that involve two tandem knotted protein domains in the same polypeptide chain (13) . It has been proposed that the knotting of these proteins either must involve very large loops, perhaps like the denatured-state knots identified here, through which the whole domains are threaded, or that knot formation may occur from both directions by the threading of either the amino or carboxy terminal regions (13) . How the knot forms in the first place after protein synthesis is unknown. It is possible that the polypeptide chain is initially guided into the correct knotted conformation by a slipknot intermediate, or by specific nonnative contacts, as suggested in previous simulation studies on YibK and YbeA (18, 19) .
We can consider the effect of a knotted denatured state on the overall folding free-energy landscape of a knotted protein and how this might be useful during the folding and unfolding events that occur frequently within the cell. A chain that exists in a knotted topology will have fewer accessible conformations and therefore a lower entropy compared to an unknotted chain of equal length. This will restrict the free-energy landscape and facilitate the approach of the polypeptide chain to the native state structure, thus reducing the probability of misfolding and aggregation events (Fig. 6) . In this way, the presence of a knot in the denatured state might be considered an intrinsic "chaperonelike" property of the protein to promote efficient folding. Consequently, our results allow us to speculate that the origin of the function of a knot in a protein may not lie in its effects on the native structure, but instead in the unique properties of the denatured state. To exist in a knotted conformation when unfolded in the crowded environment of the cell may be an advantage if it leads to an increased ability to avoid misfolding and aggregation. A knotted denatured state may have reduced exposed hydrophobic surface and volume, both of which are important properties when considering folding vs. misfolding in the cellular environment. Further evidence to suggest that a knotted precursor state encourages efficient protein folding comes from the observed "robustness" of the folding pathways of variants of YibK and YbeA in vitro. Formation of the native knotted structure is fully reversible and is not significantly affected by circularization (in either the native or the denatured state) or the attachment of domains at the amino, carboxy, or both termini (20, 24, 26) . This can be compared to some initial views on knotted protein structures that considered such topologies likely to hinder rather than aid folding (35) .
We have demonstrated that denatured polypeptide chains of natively knotted proteins can exist in knotted conformations, even under conditions where spectroscopic probes indicate little structure. In some ways, this is similar to existing ideas that residual structure in the denatured states of nonknotted proteins can be important for folding (36) (37) (38) . Previous studies have shown that native-like topology can persist in the denatured ensembles of monomeric proteins, either by use of simulations to examine the mean structure of the denatured state (36) or through analysis of residual dipolar coupling constants measured experimentally (37) . In addition, global residual structure, including oligomer formation, has been observed in a multimeric protein under unfolding conditions (38) . Our results suggest that the polypeptide knots identified here form with ease, or prevail, in the denatured state. Consequently, denatured-state topologies such as this may have a significant, and as yet unexplored, role in general protein-folding and misfolding processes. For example, do knotted conformations exist in the denatured states of unknotted proteins? Can knotted species similar to those identified here lead to kinetic traps or misfolding, and, if so, how do unknotted proteins avoid or escape these knots during folding? Is there a role for molecular chaperones in promoting or preventing knotting in nonnative polypeptide chains? Is it possible to predict if a denatured polypeptide chain has a propensity to knot, and is this an important consideration for the de novo folding of nascent polypeptide chains in vivo? The approach we have used here to determine the presence of knots in polypeptide chains is general and can be used in the future to address many of these questions.
Materials and Methods
Expression and Purification of Proteins. The genetic sequences for YibK and YbeA were extended by polymerase chain reaction to encode for a serineglycine linker and a terminal cysteine residue at each terminus and inserted into a pET-17b (Novagen) vector. The cysteine residues Cys22 and Cys83 for YibK and Cys122 for YbeA were mutated to alanine to prevent any ambiguity in the position of any disulfide bond. The resultant proteins were expressed and purified under reducing conditions (10 mM DTT) as described for the parent wild-type protein (20, 26 6 M GdmCl] conditions. The reducing agent was then removed by buffer exchange. The subsequent oxidation reaction was monitored by quantifying the free sulfhydryl groups in solution using 5; 5 0 -dithio-bisð2-nitrobenzoic acidÞ and resulted in both monomeric and multimeric species. The circularized monomeric proteins were isolated using denaturing gelfiltration chromatography, and the presence of a disulfide bond in these molecules was verified by mass spectrometry and an absence of free thiol groups (see SI Materials and Methods).
Protein Characterization. Analytical SEC, ITC, far-UV CD, fluorescence, and thermodynamic and kinetic folding experiments were carried out as previously described (20, 21, 24, 25, 27) . Additional information on protein characterization can be found in the SI Materials and Methods.
